Short pulsed laser induced single acoustic wave generation, propagation, interaction with rigid structures, and focusing in water are experimentally and numerically studied. A large area short duration single plane acoustic wave was generated by the thermoelastic interaction of a homogenized nanosecond pulsed laser beam with a liquid-solid interface and propagated at the speed of sound in water. Laser flash schlieren photography was used to visualize the transient interaction of the plane acoustic wave with various submerged rigid structures ͓͑a͒ a single block, ͑b͒ double blocks, ͑c͒ 33°tilted single block, and ͑d͒ concave cylindrical acoustic lens configurations͔. Excellent agreement between the experimental results and numerical simulation is observed. Our simulation results demonstrate that the laser induced planar acoustic wave can be focused down to several tens of micron size and several bars in pressure.
I. INTRODUCTION
Photoacoustic pulses produced via the absorption of pulsed ruby laser radiation in solids and liquids were first observed in 1963. 1 As the laser technology progressed, a number of efforts were reported on optoacoustical effects, primarily of a pulsed nature.
The generation and detection of acoustic waves in liquid and solid media by short pulsed laser-based techniques have been demonstrated to be efficient tools in many applied science and medical areas, including nondestructive evaluation and material characterization, [2] [3] [4] laser cleaning of surface contaminants, 5 laser tissue ablation, corneal sculpturing, 6 and gall stone fragmentation. 7 The laser energy interaction with the surface of an absorbing liquid or a transparent liquid in contact with an absorbing solid boundary induces rapid heating, thermoelastic expansion or explosive phase change, and finally emission of a strong ultrasonic wave or a shock wave, depending on the applied laser energy. 8, 9 Most of the laser induced acoustic wave experimental studies have aimed at the zero-dimensional point detection of the propagating pressure transient at a fixed location by utilizing capacitance transducers, 2 piezoelectric transducers, 10 or hydrophones. 11 These approaches can only be applied to idealized zero-or one-dimensional geometries and fail to capture the detailed acoustic wave behavior inside the medium, especially for complex two-or three-dimensional configurations. There are very few reports 12 on the direct transient observation of two-or three-dimensional laser induced acoustic wave interaction with solid structures. Several numerical simulation studies 11, [13] [14] [15] [16] were carried out to discuss multidimensional laser induced acoustic wave behavior. In addition, usually, the laser pulse was tightly focused to generate a pressure point source for an expanding hemispherical wave induced by the material ablation and subsequent shock formation. Acoustic wave formation by surface ablation is not desirable in many technical applications due to the destructive nature and subsequent plasma formation in spite of the superior energy conversion efficiency. 9 In this paper, we present time resolved imaging of laser induced single short acoustic plane wave propagation in water and the subsequent interaction with submerged solid structures. The laser induced acoustic wave has a large area plane wave front and is generated in the pure thermoelastic regime that does not involve ablation or bubble generation. Single, double, 33°tilted single block, and concave cylindrical acoustic lens configurations were used as four different types of submerged solid structures. We experimentally and numerically demonstrate the thermoelastic generation of spatially extensive, flat profile, and very short duration acoustic waves and their interaction with submerged solid structures by impinging short pulsed laser radiation on a thin metal film in contact with liquid. Furthermore, we demonstrate that these waves can be focused down to a domain of several tens of microns in size.
Among the four types of configurations, acoustic focusing lens has potential applications in biomaterial processing and characterization. The concept of acoustic wave focusing can be found in several publications 10 and has been extensively studied, both from the theoretical and computational viewpoints. 11, [13] [14] [15] [16] Effective control of the spatial and temporal structure of the generated sound pulse can be provided by the laser induced acoustic wave technique, especially in laser-based acoustic microscopy, 17 biomedical ultrasound imaging, 11 and biological material processing. 18, 19 Focusing of acoustic waves is important not only for achieving lateral resolution enhancement in ultrasound imaging but also in order to yield higher pressure amplitudes. Acoustic wave for-mation by thermoelastic expansion has poor laser energy conversion efficiency and needs to be amplified in most cases.
II. EXPERIMENT
The apparatus used in the experiment consisted of two parts: ͑1͒ the acoustic wave generation system with neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ pulsed laser and ͑2͒ the time resolved acoustic wave imaging system with nitrogen laser pumped dye laser illumination. The two systems were synchronized via a delay generator to control the precise time delay between the two laser pulse firings. All images went through background correction image processing to reduce background noise.
A. Pulsed laser induced acoustic wave generation
As shown in Fig. 1͑a͒ , a frequency doubled homogenized Nd:YAG pulsed laser beam ͓wavelength= 532 nm and temporal pulse width= 5 ns full width half maximum ͑FWHM͒ ͑New Wave Inc.͔͒ was applied normal to the thin metal film to induce thermal expansion and thereby launch an acoustic wave into an optically and acoustically transparent liquid medium such as de-ionized ͑DI͒ water. The Nd:YAG laser beam cross section was shaped to a 2 ϫ 2 mm 2 flat-top beam profile of very good spatial uniformity by a microlens laser beam homogenizer ͓SUSS MicroOptics͔ combined with a ten times long working distance objective lens ͓Mitutoyo͔. The applied laser fluence was around 12-14 mJ/ cm 2 that fell within the thermoelastic pressure production regime. 9 The laser absorbing solid samples were prepared by vacuum deposition of 100-nm-thick chromium ͑Cr͒ film on a 800 m thick fused quartz substrate and were completely immersed in water that filled a cuvette ͓Starna Cell͔ made of fused quartz. Four types of solid structures were immersed in water and placed 1-2 mm away from the laser absorbing Cr/quartz substrate. Hatched structures in Figs. 1͑b͒-1͑e͒ represent solid structures: ͑b͒ single block, ͑c͒ double block, ͑d͒ 33°tilted single block, and ͑e͒ concave cylindrical acoustic lens configurations in water.
B. Laser flash schlieren photography
As shown in Fig. 1͑a͒ , laser flash schlieren photography 20 was used to acquire time resolved images of the laser induced acoustic wave propagation and interaction with solid structures in water. At a certain time delay after the firing of the Nd:YAG laser beam inducing acoustic wave, the nitrogen laser pumped dye laser beam ͓wavelength = 440 nm and pulse width= 10 ns FWHM ͑Laser Science Inc.͔͒ was expanded and applied parallel to the metal thin film surface as a synchronized illumination light source. A short pass filter was placed in front of the zoom lens to block the Nd:YAG laser beam ͑wavelength= 532 nm, indicated by green colored path͒ and to accept only the nitrogen laser pumped dye laser beam ͑wavelength= 440 nm, indicated by blue colored path͒. Upon encountering pressure-induced refractive index variations by Nd:YAG laser beam, the imaging laser beam ͑nitrogen laser pumped dye laser beam͒ bent from the original beam path. Time resolved frozen images of the acoustic waves were acquired via this mechanism. The temporal interval between the processing Nd:YAG and the illuminating nitrogen laser pumped dye laser pulses was controlled by a delay generator ͓Stanford Research Systems͔ and varied from 0-1900 or 5500 ns. The actual time delay was measured with a photodetector ͓Thorlab͔ and an oscilloscope ͓Agilent͔.
All images went through background correction image processing by subtracting a background image from the pressure wave images. Figure 2 exemplifies the image processing of an acoustic wave interaction with a 33°tilted single glass slide. First, a time resolved acoustic wave image ͓Fig. 2͑a͔͒ was acquired with both Nd:YAG processing laser and nitrogen laser pumped dye laser illumination. The dark bar intercepting the acoustic wave is the cross section of a glass slide and the bright circle is the expanded nitrogen laser pumped dye laser illumination. A background image of the unperturbed medium ͓Fig. 2͑b͔͒ was then acquired via applying FIG. 1. ͑Color online͒ ͑a͒ Schematic diagram of experimental setup for laser induced acoustic wave generation with a homogenized Nd:YAG laser ͑wavelength: 532 nm, indicated by green colored path͒ and for the acoustic wave time resolved observation by a laser flash schlieren photography with a delayed nitrogen laser pumped dye laser illumination ͑wavelength: 440 nm, indicated by blue colored path͒. ͑b͒ The vacuum deposited metal thin film ͑Cr, 100 nm͒ on quartz substrate ͑800 m͒ was completely immersed in DI water which filled a cuvette made of fused quartz and Nd:YAG laser was illuminated from the backside to induce acoustic wave. ͓͑b͒-͑e͔͒ Four configurations of solid structures interacting with laser induced acoustic wave. ͑b͒ Single block, ͑c͒ double block, ͑d͒ 33°tilted single block, and ͑e͒ concave acoustic lens with 2.1 mm focal length. only nitrogen laser pumped dye laser illumination. Finally, the corrected image ͓Fig. 2͑c͔͒ enhancing the clarity of the acoustic wave was obtained by subtracting the background image ͓Fig. 2͑b͔͒ from the original acoustic wave image ͓Fig. 2͑a͔͒. This processing was done with the image analysis software IMAGEPRO PLUS.
III. NUMERICAL SIMULATION
Finite element method based numerical simulations were performed to compare with the experimental results. The acoustic pressure p͑r , t͒ in a stationary lossless medium is governed by the following partial differential equation:
where 0 is the density ͑kg/ m 3 ͒, c s is the speed of sound ͑m/s͒, and Q is the source ͑1 / s 2 ͒. The combination 0 c s 2 is called the adiabatic bulk modulus, commonly denoted by K. The density and speed of sound are assumed to be constant because they vary with time on scales much larger than the characteristic acoustic wave period. 21 Figure 3 shows the simulation domain and boundary condition for ͑a͒ a single block, ͑b͒ double blocks, ͑c͒ 33°t ilted single block, and ͑d͒ concave cylindrical acoustic lens configurations in water. The calculation domain is filled with DI water at room temperature.
Sound-hard boundary was employed to model the rigid surfaces ͑red colored lines͒, where the normal component of the particle velocity vanishes. As there is no acoustic drift velocity, this condition is equivalent to the normal acceleration being zero. For constant fluid density and zero source, this also means that the normal derivative of the pressure is zero at the boundary,
Radiation boundary condition was applied to model open boundaries ͑blue colored lines͒. This condition allows the outgoing wave to leave the modeled domain with no or minimal reflection. The radiation boundary condition for transient analysis is the first order expression
where p 0 describes an incident wave, p 0 ͑r , t͒. Pressure boundary condition was applied to model initial laser induced pressure field near the Cr thin film ͑yellow colored lines͒. The transient pressure source was assumed to follow the detected pressure ͓Fig. 4. ͑square symbols͔͒ and was assigned as the initial pressure boundary condition ͓Fig. 4. ͑red solid line͔͒ exerted by the chromium thin film. The time step and mesh size was carefully chosen to allow enough number of nodes per wavelength by setting the following Courant-Friedricks-Levy ͑CFL͒ number condition:
where c is the speed of sound, h is the mesh size, and ␦t max is the maximum time step size. The constants for numerical simulation are density ͑ 0 = 998 kg/ m 3 ͒, 22 speed of sound in water at room temperature ͑c s = 1481 m / s͒, 22 and source ͑Q =0/ s 2 ͒. All simulations were performed via the commercially available software acoustics module of COMSOL MULT-IPHYSICS 3.3.
IV. RESULTS AND DISCUSSION

A. Thermoelastic pressure production regime
The transient acoustic wave pressure amplitude was measured by a commercial lithium niobate ͑LiNbO 3 ͒ piezoelectric transducer ͓100 MHz ͑Science Brothers͔͒. The pressure transducer was plugged into the cuvette facing the laser irradiated solid surface ͑4 mm away͒ at a normal angle. For the applied laser fluence ͑12-14 mJ/ cm 2 ͒, the peak acoustic pulse amplitude released into the liquid was approximately 2.5 bars ͓Fig. 4. ͑square symbols͔͒. Fig. 4 was of 50 ns pulse width ͑corre-sponding frequency at about 20 MHz͒. Considering the acoustic attenuation coefficient ͓␣ ac ͑m −1 ͔͒ in water that increases proportionally to the square of frequency 23 ͑i.e., ␣ ac = 2.5ϫ 10 −15 f 2 ͒, the acoustic penetration depth at 20 MHz is calculated to be 10 cm. Laser induced acoustic wave generation is usually attributed to thermal expansion, rapid bubble growth, and collapse, as well as to plasma formation at higher applied laser energy densities. For the laser energy levels considered in this work, the latter two mechanisms are not likely to contribute. 5 Upon laser induced heating, both the liquid and the Cr thin film experience thermoelastic expansion and stress fields. The Nd:YAG energy fluence applied to induce pressure wave was around 12-14 mJ/ cm 2 , which is substantially lower than the Cr melting threshold ͑120 mJ/ cm 2 ͒ ͑Refs. 24 and 25͒ and even smaller than the bubble nucleation threshold ͑36.5 mJ/ cm 2 ͒. 6 Accordingly, no visual evidence of melting was found after repeated experiments. Therefore, the transient laser induced pressure waves observed are attributed solely to the thermoelastic response of the metal thin film and the adjacent liquid.
For numerical simulation, the initial pressure boundary condition ͓Fig. 4. ͑red solid line͔͒ was assumed to follow the detected pressure ͓Fig. 
B. Single block
Time resolved laser flash schlieren photography images of plane acoustic wave propagation and interaction with a single glass slide in water are presented in Fig. 5͑a͒ juxtaposed with the numerical simulation results in Fig. 5͑b͒ for 0-1900 ns range. The initial laser induced acoustic wave just launched from the surface ͑0 ns͒ was very flat and of similar size ͑2 ϫ 2 mm 2 ͒ to the incident homogenized Nd:YAG laser beam, except for slight smoothening at the edges due to acoustic wave diffraction. The primary acoustic wave was followed by several weaker secondary plane waves ͓indi-cated by arrows in Fig. 5͑a͒ , 400 ns͔ that were generated by multiple reflections on the bounding surfaces of the quartz wafer bearing the laser absorbing Cr thin film. The plane acoustic wave traveled to the right side at sonic speed in water ͑1481 m/s͒ without significant damping within this time range. However, the acoustic waves were observed to decay after multiple reflections in water.
Upon arrival at the left surface of the glass slide ͓1.15 mm thick borosilicate ͑indicated by hatched boxes͔͒, the upper half of the original flat acoustic wave interacted with the solid surface and bounced back to left side ͓Fig. 5͑a͒, 800 ns ͑indicated by an arrow͔͒ while the lower half was unobstructed and kept moving forward. The upper half acoustic wave not only reflected on but also transmitted through the solid structure. The transmitted acoustic wave re-emitted from the other side of the solid structure and moved ahead of the lower unobstructed wave ͓Fig. 5͑a͒, 1000 ns ͑indicated by an arrow͔͒ due to the higher sonic velocity in solid than in water. 22 The reflected acoustic wave propagated toward the chromium surface and then bounced back to the original direction. Multiple reflections could be observed for five to six round trips between Cr/quartz and a glass slide. The transmitting, reflecting, and trespassing acoustic wave at the interface between the upper solid structure and water did not show a sharp cut but rather attained the form of an expanding cylindrical wave front due to diffraction by the glass slide edge.
Numerical simulation ͓Fig. 5͑b͔͒ shows fairly good agreement with the experimental observation ͓Fig. 5͑a͔͒. The 
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Ko et al. J. Appl. Phys. 104, 073104 ͑2008͒ reflection wave and the edge diffraction pattern are very similar to the laser flash schlieren photography images. The only difference is the absence of wave transmission through the solid structure and the secondary waves. This is because the solid structures were not included in the simulation domain and the solid surface was considered as hard and perfectly reflecting without any loss or transmission. A more realistic simulation can be carried out by including the solid structure in the calculation domain. Video files for experiments and simulations can be found in the supporting materials.
26
C. Double block "a channel…
Time resolved laser flash schlieren photography images of plane acoustic wave propagation and interaction with double glass slides ͑indicated by hatched boxes͒ with 0.95 mm water channel are presented in Fig. 5͑c͒ juxtaposed with the numerical simulation results in Fig. 5͑d͒ for 0-1900 ns range. The overall behavior of the acoustic wave is very similar to that of the single block case except that now the acoustic wave passes through the liquid channel bounded by two solid walls. After the central 1 3 of the original acoustic wave passes through the channel, it forms an expanding cylindrical wave at both edges ͓Fig. 5͑c͒, 1800 ns͔. Again, the numerical simulation ͓Fig. 5͑d͔͒ is in agreement with the experimental observation ͓Fig. 5͑c͔͒. Video files for experiments and simulations can be found in the supporting materials.
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D. 33°Tilted single block
Time resolved laser flash schlieren photography images of plane acoustic wave propagation and interaction with a 33°tilted glass slide ͑indicated by hatched boxes͒ in water are presented in Fig. 6͑a͒ juxtaposed with the numerical simulation results in Fig. 6͑b͒ for 0-1900 ns range. The laser induced acoustic wave interaction with a solid structure in water is much more pronounced for acoustic wave reflection from an oblique flat structure as shown in Fig. 6 . The upper half of the original acoustic wave ͓Fig. 6, 800 ns ͑i͔͒ intercepted the left long face of a glass slide that is tilted by 33°w ith respect to the wave front. The middle quarter of the wave ͓Fig. 6, 800 ns ͑ii͔͒ met the bottom short face of the glass slide and the lower quarter of the wave ͓Fig. 6, 800 ns ͑iii͔͒ was transmitted without interaction with solid. The upper half acoustic wave ͓Fig. 6, 800 ns ͑i͔͒ reflected on the glass slide surface and propagated at a deviation of 66°from the incidence direction. The acoustic wave reflected from the bottom short face of the glass slide ͓Fig. 6, 800 ns ͑ii͔͒ was exactly parallel to the upper half reflected acoustic wave ͓Fig. 6, 800 ns ͑i͔͒. The lower one-quarter forward propagating acoustic wave ͓Fig. 6, 800 ns ͑iii͔͒ did not have a sharp edge but attained the form of an expanding cylindrical wave front due to diffraction by the glass slide edge. Transmission through the glass slide and secondary waves were also observable. Video files for experiments and simulations can be found in the supporting materials.
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E. Concave cylindrical lens "acoustic wave focusing…
Time resolved laser flash schlieren photography images of plane acoustic wave propagation, interaction, and subsequent focusing by the fused silica concave cylindrical lens with 2.1 mm optical focal length ͑indicated by hatched boxes͒ in water are presented in Fig. 7͑a͒ and compared with the numerical simulation results in Fig. 7͑b͒ over the 0-5500 ns temporal range.
The propagating planar acoustic wave reflected ͑Fig. 7, 600 ns͒ on the focusing lens and was transformed into a cylindrical shaped acoustic wave ͑Fig. 7, 1000 ns͒ propagating to the left side. Finally, the cylindrical wave focused into a point ͑if seen from side view, it appears as a line͒ at 1400 ns and then diverged into an expanding cylindrical acoustic wave whose images are depicted at 1800 ns. The expanding cylindrical wave reflected again on the Cr thin film surface where it was originally formed ͑Fig. 7, 2500 ns͒ and kept bouncing between the two solid structures ͑the Cr film and cylindrical fused silica lens͒ inside the water. At 1400 ns, the first acoustic wave focal point was at a distance of 1.04 mm from the cylindrical lens surface. This is very close to the geometric optical focal point ͑1.05 mm͒ calculated from the mirror formula 27 ͑1 / S o +1/ S i =−2/ R͒, where R is the radius of the mirror, S o is the distance between object and mirror surface, and S i is the distance between image and mirror surface. Although there is an analogy between acoustic and light waves, obviously the specific wave characteristics such as propagation speed and wavelength are entirely different. While the first plane acoustic wave forms a focal point close to the predicted location, the second focal distance at 5000 ns is observed further away. This is because after the first focusing, the original flat acoustic wave turns into an expanding cylindrical wave and the incoming wave is not flat anymore. Consequently, the second focal spot changes depending on the curvature of the incident cylindrical wave. The acoustic wave size and pressure magnitude are of primary interest in this work. However, direct measurement of those values is difficult due to the small focus size. Our numerical simulations revealed that the focused acoustic wave has a 48 m focal size ͑FWHM͒ and a 7 bar magnitude. The acoustic wave focal size and magnitude are greatly influenced by the laser pulse width that generates the initial thermoelastic acoustic wave. The numerical predictions of the acoustic wave focal spot size and pressure amplitude for different laser pulse widths ͑28, 140, 280, 700, and 1400 ns FWHM͒ are presented in Fig. 8 . As the laser pulse width shortens, the acoustic wave focusing becomes more notable. When a microsecond laser pulse was applied, almost no focusing effect could be observed. This result underlines the importance of utilizing short pulses to achieve efficient acoustic focusing and also suggests the possibility of focusing improvement with ultrashort pico-or femtosecond pulses. Picosecond laser ultrasonics ͑down to 100 fs͒ ͑Ref. 28͒ have been extensively studied. However, further reduction in pulse width below 100 fs involves nonequilibrium interaction between carriers and phonons that may last over several picoseconds, as well as possible nonlinear effects related to the mechanical material response at such time scales.
The calculated pressure at the focal spot of the focused acoustic wave seems to be somewhat low considering the ratio of the focused spot size ͑48 m͒ and the initial laser spot size ͑2 mm͒. The computed spot size and pressure at focal point must have been broadened to exert lower pressure at a larger spot size due to numerical diffusion and unfaithful wave front tracking. These problems become much more severe for the numerical simulation of very short acoustic waves such as the one considered in this paper. Direct pressure measurement at the focal point will give us a more accurate estimate of the pressure value at the focal spot. Video files for experiments and simulations can be found in the supporting materials.
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F. Viscosity effect "propagation velocity and attenuation…
The effect of liquid viscosity on the acoustic wave propagation velocity, pressure attenuation, and wave broadening was investigated. The fluid viscosity was varied by mixing glycerol with DI water to yield liquid of 1, 10, and 100 cp in viscosity at room temperature. The acoustic wave was observed to move faster in the higher viscosity liquid. Figure 9 shows the double exposure pictures of flat acoustic wave with 2 s delay for 1, 10, and 100 cp from the top. 10 cp liquid showed a speed of sound of 1672 m/s and 100 cp liquid showed 1800 m/s that is close to speed of sound in glycerol ͑1900 m/s͒ at room temperature.
Viscosity also plays a major role in acoustic wave attenuation and wave broadening. Figure 10 shows the initial acoustic waves ͓Fig. 10͑a͒, indicated by arrows͔ and acoustic waves after propagating a distance of 67 mm ͓Fig. 10͑b͔͒, indicated by arrows͒ in a glass cuvette ͓Starna Cell͔ with 2 mm height. Acoustic waves in a medium with a viscosity of 10 cp ͓Fig. 10͑b͒ middle picture͔ experience more noticeable attenuation and broadening compared to a medium with viscosity of 1 cp ͓Fig. 10͑b͒ top picture͔. Furthermore, for media with viscosity of 100 cp, complete attenuation of the acoustic wave is observed after propagating a distance of 67 mm. These observations can be attributed to loss of acoustic energy resulting from three major mechanisms: viscous losses, heat conduction losses, and losses associated with internal molecular processes. 22 In polar liquids such as alcohols and water, the intermolecular forces are so strong that structural relaxation is more dominant than thermal relaxation and accounts for the observed excess absorption.
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V. CONCLUSION
Experimental and numerical investigation on laser induced acoustic wave generation, propagation, interaction with rigid structures, and focusing in water in contact with an absorbing Cr film are presented in this letter. A homogenized Nd:YAG laser beam ͑532 nm, 4 ns pulse width͒ was irradiated on a Cr thin film on a quartz substrate. A sharp plane acoustic wave was generated by laser induced thermoelastic stress and propagated at the speed of sound in water. Time resolved laser flash schlieren photography images captured the acoustic wave propagation in the water and interaction with submerged rigid structures, including a concave cylindrical acoustic lens. Our simulation results demonstrate that the nanosecond laser induced acoustic wave can be focused to several tens of micron sizes with several bar pressures. 
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